Abstract: Transient nonstationary extreme winds such as thunderstorm downbursts are responsible for significant structural damage and failures. This study deals with the frequency domain analysis of alongwind tall building response to transient nonstationary winds based on nonstationary random vibration theory. The transient wind fluctuations and associated wind loads are modeled as the sum of deterministic time varying mean and evolutionary random fluctuating components. The alongwind loads on buildings are determined through the approaching winds by using strip theory and taking into account the unsteady force characteristics in terms of aerodynamic admittance and joint acceptance functions. An analysis framework is developed to quantify the time varying mean, evolutionary spectrum, and time varying root-mean-square values of building response. The traditional analysis framework concerning stationary boundary layer winds serves as a special case of this novel framework. Applications of this general framework are addressed to the cases where the mean wind speed is characterized by a time-invariant vertical profile and a single time varying function that also serves as the modulation function for the wind fluctuations. The influence of time varying mean wind speed, mean wind speed vertical profile, and spatial correlation of wind fluctuations on building response is discussed using tall building examples.
Introduction
Extreme wind events in many parts of the United States and the world are caused by severely convective thunderstorm winds, which are responsible for significant structural damage and failures ͑Twisdale and Vickery 1992; Holmes 1999; Changnon 2001; Letchford et al. 2001; Choi 2004͒ . The flow field created by such an event varies significantly from the traditional atmospheric boundary layer wind flows in terms of its unique mean wind speed vertical profile, rapid time varying mean wind speed, and spatially strongly correlated wind fluctuations ͑Fujita 1990; Letchford et al. 2001͒ . The transient nonstationary features of thunderstorm winds may markedly influence wind-structure interactions and wind load effects on buildings. Despite this, over the past 40 years, extensive efforts have been made to understand and quantify stationary boundary layer wind effects on structures, and the methodologies developed have formed the basis for current wind loading codes and standards ͑Davenport 1967, 1995; Piccardo and Solari 2000; Letchford et al. 2001; Chen and Kareem 2004͒ . The understanding of fundamental characteristics of those transient nonstationary wind effects on structures has yet to be developed.
Characterization and modeling of transient winds and their effects on structures through field observations, numerical, and physical simulations have been receiving increasing attention in recent years ͑Holmes and Oliver 2000; Wood et al. 2001; Chay and Letchford 2002; Letchford and Chay 2002; Gast and Schroeder 2003; Haan et al. 2003; Hangan et al. 2003; Choi 2004; Chay et al. 2006; Kareem et al. 2006͒ . The transient nonstationary feature of extreme winds is not limited to thunderstorm downbursts, but also observed in typhoon-induced winds ͑Kawai 2000; Xu and Chen 2004; Wang and Kareem 2005͒ . Concerning the quantification of nonstationary wind load effects on structures, Kawai ͑2000͒ addressed the influence of time varying typhoon mean wind speed on structural response based on a so-called quasi-stationary model, which was considered applicable when the structural natural period is sufficiently smaller than the time scale of the variation of the mean wind speed. Choi and Hidayat ͑2002͒ analyzed dynamic response of single-degree-of-freedom ͑SDOF͒ structures to thunderstorm winds through spectral analysis using measured wind speed time histories. Chen and Letchford ͑2004a,b͒ conducted response time history analysis of tall buildings to simulated and measured thunderstorm downbursts. Holmes et al. ͑2005͒ quantified the dynamic response spectrum of SDOF structures for a given thunderstorm wind time history record, following the concept similar to the earthquake response spectrum. The random vibration theory has widely been employed for quantifying structural response to stationary winds. However, the theory concerning structural response to nonstationary excitations ͑Lin and Cai 1995; Lutes and Sarkani 2004͒ has not yet been adopted in wind engineering applications, while it has many applications in earthquake engineering for analyzing structural response under nonstationary ground excitations ͑Conte and Peng 1997; Michaelov et al. 1999͒ . This study deals with the frequency domain analysis of alongwind tall building response to transient nonstationary winds based on nonstationary random vibration theory. The transient wind fluctuations and associated wind loads are modeled as the sum of deterministic time varying mean and evolutionary random fluctuating components. The alongwind loads on buildings are determined through the approaching winds by using strip theory and taking into account the unsteady force characteristics in terms of aerodynamic admittance and joint acceptance functions. An analysis framework is developed to quantify the time varying mean, evolutionary spectrum, and time varying root-mean-square ͑RMS͒ values of building response. Applications of this general framework are addressed to the cases where the mean wind speed is characterized by a time-invariant vertical profile and a single time varying function that also serves as the modulation function for the wind fluctuations. The influence of time varying mean wind speed, mean wind speed vertical profile, and spatial correlation of wind fluctuations on building response is discussed using tall building examples.
General Analysis Framework
Consider the alongwind response of a tall building under a transient nonstationary wind excitation. The wind speed at elevation z above the ground U͑z , t͒ can be decomposed into the deterministic time varying mean component Ū ͑z , t͒ and the random fluctuating component uЈ͑z , t͒ as
The fluctuating component uЈ͑z , t͒ is regarded as a zero mean evolutionary random process, which is modeled as a zero mean stationary process u͑z , t͒ modulated with a complex-valued deterministic modulation function g͑z , , t͒. uЈ͑z , t͒ and u͑z , t͒ are expressed in the general form of a Fourier-Stieltjes integral as
where i = ͱ −1; ϭcircular frequency; g͑z ,− , t͒ = g*͑z , , t͒ ͑where * denotes complex conjugate͒; d⌰͑z , ͒ϭcomplex-valued zero mean orthogonal increment random process
where E͓. . .͔ denotes the expectation or ensemble average; ␦͓. . .͔ represents the Dirac delta function; S u ͑z , ͒ = S u ͑z , z , ͒ and S u ͑z 1 , z 2 , ͒ are the power spectral density ͑PSD͒ function of u͑z , t͒ and cross-spectrum for u͑z 1 , t͒ and u͑z 2 , t͒. The evolutionary PSD ͑EPSD͒ of uЈ͑z , t͒, and the evolutionary cross-spectrum for uЈ͑z 1 , t͒ and uЈ͑z 2 , t͒ are given as S u Ј ͑z,,t͒ = ͉g͑z,,t͉͒ 2 S u ͑z,͒ ͑ 5͒
S u Ј ͑z 1 ,z 2 ,,t͒ = g * ͑z 1 ,,t͒g͑z 2 ,,t͒S u ͑z 1 ,z 2 ,͒ ͑6͒
Based on strip theory, the alongwind force per unit building height at the elevation z above the ground P͑z , t͒ is expressed in terms of the approaching wind as
where P ͑z , t͒ and PЈ͑z , t͒ϭdeterministic time varying mean and random fluctuating components of P͑z , t͒, respectively; ϭair density; Bϭbuilding width; C D ϭdrag coefficient; and D ͑͒ϭcomplex-valued aerodynamic admittance function, which represents the transfer function between approaching wind and wind force. It is noted that the square of the magnitude of D ͑͒, i.e., ͉ D ͉͑͒ 2 , is also often referred to as aerodynamic admittance function in practice.
The alongwind building response is generally dominated by its fundamental modal response, and the higher mode contributions can be assumed to be negligible. The generalized force Q͑t͒ associated with the fundamental mode shape, ͑z͒ = ͑z / H͒ ␤ ͑where H is the building height; and ␤ is the mode shape exponent ranging between 1.0 and 1.5 for typical tall buildings͒, is given as
Consequently, the generalized displacement q͑t͒ is expressed as follows in terms of its deterministic time varying mean and random fluctuating components, which are the responses under Q ͑t͒ and QЈ͑t͒, respectively
where Ḡ ͑z , t͒ and G͑z , , t͒ are defined as
and h͑t͒ϭunit-impulse response function given by
where m 1 , 1 , and 1 ϭgeneralized mass, damping ratio, and natural circular frequency of the fundamental mode; and
It is worthy noting that Ḡ ͑z , t͒ can be interpreted as the fundamental mode response to the excitation Ā ͑z , t͒. Similarly, G͑z , , t͒ is e −it multiplied by the fundamental mode response to the excitation A͑z , , t͒e it . They can be generally quantified by a step-by-step integration method such as Newmark's method or closed-form formulations in some limited cases.
The autocorrelation function of qЈ͑t͒ is expressed as
which, for = 0, becomes
Accordingly, the EPSD of qЈ͑t͒ is given as
͑23͒
Once the generalized displacement is quantified, any response of interest ͑e.g., shear force and bending moment͒, r͑t͒ = ⌫q͑t͒ = r͑t͒ + rЈ͑t͒, are then determined as
where ⌫ϭmodal participation coefficient for response r͑t͒; r͑t͒ and rЈ͑t͒ϭdeterministic and random components of r͑t͒; and R r Ј ͑t , ͒ and S r Ј ͑ , t͒ϭautocorrelation function and EPSD of rЈ͑t͒. Similarly, the pth time derivative of the generalized displacement, i.e., q ͑p͒ ͑t͒ = q ͑p͒ ͑t͒ + qЈ ͑p͒ ͑t͒ can be calculated. The deterministic component q ͑p͒ ͑t͒ is directly determined though the pth time derivative of q͑t͒, while the random component qЈ ͑p͒ ͑t͒ can be expressed as
where
is e −it multiplied by the pth time derivative of the fundamental mode response to the excitation A͑z , , t͒e it . The cross-correlation function and the cross-spectrum between the pth and lth time derivatives of the generalized displacement, i.e., qЈ ͑p͒ ͑t͒ and qЈ ͑l͒ ͑t͒, are given as
͑28͒

Applications to Some Simplified Cases
Consider the applications of the aforementioned general framework to some simplified cases. It is assumed that the time varying mean wind speed is characterized by a time-invariant vertical profile Ū 0 ͑z͒ and a time function d͑t͒ as
The wind fluctuation uЈ͑z , t͒ is assumed to be a uniformly modulated evolutionary process with the modulation function identical to the time function for the mean wind speed, i.e., g͑z , , t͒ = d͑t͒. Subsequently, uЈ͑z , t͒ = u͑z , t͒d͑t͒, where the stationary process u͑z , t͒ is characterized by its PSD and crossspectrum as
where S u0 ͑͒ϭPSD function; I͑z͒ϭfunction of elevation z, which influences the vertical profile of the turbulence intensity of uЈ͑z , t͒ and u͑z , t͒ as u0 I͑z͒ / Ū 0 ͑z͒ where u0 2 = ͐ −ϱ ϱ S u0 ͑͒d; coh z ͑z 1 , z 2 , ͒ϭcoherence function; k z ϭdecay factor; and U R ϭreference wind speed, taken as the maximum mean wind speed over the building height.
Following the aforementioned general framework and denoting A F ͑t͒ = d 2 ͑t͒, the generalized displacement in terms of q͑t͒ and the EPSD of qЈ͑t͒ are determined as
and I u0 = u0 / U R ϭturbulence intensity. Similarly, the cross-spectrum S q Ј ͑p͒ q Ј ͑l͒͑͒ is expressed as
It is noteworthy that G 0 ͑ , t͒ and G 0 ͑p͒ ͑ , t͒ can be interpreted as e −it , respectively, multiplied by the fundamental mode response to the excitation A F ͑t͒e it and its pth time derivative. When the variation rate of A F ͑t͒ = d 2 ͑t͒ is very small as compared to the structural modal frequency, and t is sufficiently large so that e − 1 1 t approaches to zero, G 0 ͑ , t͒ and G 0 ͑p͒ ͑ , t͒ can be approximated as
where H͑͒ is the frequency response function of the fundamental mode. Subsequently
that indicate that the effects of transient structural dynamics are negligible. The building response varies with time following the modulation function A F ͑t͒, i.e., building responds to the transient wind quasi-statically, thus, referred to as "quasi-static" response.
In such a special case, the response analysis at each time instant is the same as that for the traditional stationary winds. It is also noted that when A F ͑t͒ = 1, these formulations reduce to those for the traditional stationary boundary layer winds with constant mean and stationary random wind fluctuations ͑Piccardo and Solari 2000; Chen and Kareem 2004͒. From Eqs. ͑33͒ to ͑39͒, it is clear that the influence of wind speed vertical profile on the mean and RMS building response is reflected by the values of the constant Ā 0 and the joint acceptance function ͉J z ͉͑͒ 2 , respectively. The joint acceptance function also involves the reduction effect due to the lack of spatial correlation in wind loads. The effects of time varying mean and evolutionary characteristics of fluctuating wind speed on building response are reflected by the functions G 0 ͑0,t͒ and G 0 ͑ , t͒.
In the case of a power law profile
where ␣ is the profile exponent, and U H is the wind speed at the building height, Ā 0 and ͉J z ͉͑͒ 2 are given as follows for I͑z͒ =1 ͑Chen and Kareem 2004͒:
For the power law profile, as the wind speed increases with increasing height above the ground, U R = U H .
In the case of a transient downburst wind, the wind speed at a given elevation can also be decomposed into the time varying mean and fluctuating components. The time varying mean wind speed may be approximated to have a time-invariant vertical profile as suggested by some full-scale observation data ͑Chen and Letchford 2005; Duranona et al. 2005͒ . Three empirical models for the vertical profile have been suggested by Oseguera and Bowles ͑1998͒, Vicroy ͑1992͒, and Wood et al. ͑2001͒. The vertical profile suggested by Wood et al. ͑2001͒ is used in this study, which is given as
where erf= 2 / ͱ ͐ 0 z e −t 2 dtϭerror function; ␦ϭheight where the velocity is equal to half its maximum value; and U max ϭmaximum wind speed.
The thunderstorm downburst wind reaches its maximum wind speed at a certain height, generally, ranging from 50 to 100 m above the ground, and decreases above this height. For the tall buildings covered in this study with heights ranging from 100 to 250 m, the downburst wind reaches its maximum wind speed within the building height, therefore, U R = U max . Fig. 1 compares the vertical profiles of the downburst winds with H / ␦ = 0.25, 0.5, 0.75, and 1, and the traditional boundary Fig. 2 shows ͉J z ͉͑͒ 2 as a function of both H / ␦ and k z H / ͑2U R ͒ = k z fH / U R with I͑z͒ = 1. It is noted that, under the condition that the maximum wind speeds over the building height are identical, the downburst profile gives a similar wind load effect for lower buildings with H / ␦ less than around 0.5, but a smaller wind load effect for taller buildings with H / ␦ larger than around 0.5 as compared to the traditional power law profiles. Similar discussion can also be made with respect to the wind speed at 10 m height, U 10 . The ratios of U R / U 10 for these power law and downburst profiles are shown in Fig. 3 in the cases of different buildings. Under the condition that U 10 for different winds is identical, the influence of different wind profiles on the mean and fluctuating components of building response are described by Ā 0 ͑U R / U 10 ͒ and ͉J z ͉͑͒͑U R / U 10 ͒.
Numerical Results and Discussion
In the following, four tall buildings with heights of 100, 150, 200, and 250 m are considered. The building width is assumed as D = 0.2H. The fundamental modal frequency is given by the empirical formula f 1 =46/ H. The mode shape is assumed to follow a linear variation with building elevation. The modal damping ratio is taken as 1 and 2% for comparison. The aerodynamic admittance function is estimated by
where y = k y fD / U R ; and k y ϭdecay factor assumed to be 8. This study focuses on the cases where the mean wind speed has a time-invariant vertical profile and the modulation function for the wind fluctuation follows the time function of the mean wind speed. To investigate the influence of time varying mean wind speed on building response, five different modulation functions in term of A F ͑t͒ = d 2 ͑t͒ are considered, as shown in Fig. 4 . These include two functions given by the three-parameter function
with a maximum value of unity at the time instant t max = ␤ 0 / where
These two wind events, referred to as "Wind event 1" and "Wind event 2", correspond to A F ͑t͒ with ␤ 0 = 2 and t max = 60 and 120 s, respectively. For these threeparameter modulation functions, G 0 ͑ , t͒ can be determined by a closed-form formulation for a nonnegative integer ␤ 0 ͓see ͑Conte and Peng 1997͒ and the Appendix͔. Another modulation function, corresponding to "Wind event 3," is numerically simulated based on the empirical model suggested by Holmes and Oliver ͑2000͒ as applied to Andrews A.F.B downburst. This model describes the horizontal wind speed in a traveling downburst generated by the vector summation of the translation speed and the radial wind generated by an impinging jet. A modification of this model has also been proposed by Chay et al. To study the influence of wind speed profile on building response, the power law profile with an exponent ␣ = 0.25 and the downburst wind profiles as suggested by Wood et al. ͑2001͒ with H / ␦ = 0.5 and 1 are considered in the analysis. For each case, it is assumed that I͑z͒ = 1, i.e., S u ͑z , ͒ = S u0 ͑͒, and S u0 ͑f͒ =4S u0 ͑͒ ͑where =2f͒ is given by von Karman spectrum
where L u x is the integral length scale taken as 80 m, and the turbulence intensity I u = u0 / U R is 15%. For the purpose of comparison, both partially and fully correlated wind loads over the building height are considered, which correspond to the decay factor k z as 8 and 0, respectively, in the coherence function of wind fluctuations, i.e., coh z ͑z 1 , z 2 , ͒. As will be illustrated, because the building response is a narrow-band process, the selection of wind speed and wind load characteristics does not influence the general conclusion concerning the fundamental feature of building response to transient winds. Fig . 5 shows the time varying mean and RMS values of the tip displacement of the building with H = 200 m under different wind events of consideration. All these wind events are assumed to have an identical power law mean wind speed profile with the exponent ␣ = 0.25 and the maximum mean wind speed at the building height U H =40 m/ s. The displacement is normalized by a factor of q R / K 1 , i.e., static building displacement under load q R . As only the fundamental mode contribution is involved in the analysis, all building response components, e.g., base bending moment and base shear, have the same characteristics as the building tip displacement. The corresponding quasi-static responses in which the building is assumed to respond to transient winds quasi-statically are also shown in Fig. 5 . The closed-form formulations were used for Wind events 1 and 2, while the linear acceleration step-by-step integration method was utilized for Wind events 3, 4, and 5. It is noted that the maximum value of the RMS response in all cases is slightly delayed with respect to the time at which the mean wind speed reaches its maximum. This time lag phenomenon has also been reported by Solomos and Spanos ͑1984͒, Igusa ͑1989a,b͒, and Conte and Peng ͑1997͒ in dealing with structural response to nonstationary white noise excitation.
It is also emphasized that the maximum value of RMS response is smaller than that of the quasi-static counterpart. It is due to the lack of sufficient "build-up" time to reach the steady-state response as predicted by the quasi-static analysis. The "build-up" time is the time required to make e −2 1 1 t close to zero. Clearly, a large value of 1 1 , a shorter "build-up" time needed, and the RMS response becomes closer to the quasi-static value. This feature is clearly demonstrated in Fig. 6 , which compares the RMS responses for different buildings with different frequencies and different levels of modal damping ratios under Wind events 1 and 2 with a power law mean wind speed profile. For example, of the tall building of 200 m high with a modal frequency of 0.23 Hz and a damping ratio of 1%, the maximum RMS response reaches only 85% of the maximum quasi-static response in the case of "Wind event 1," 94% in the case of "Wind event 2." When the damping ratio increases to 2%, these become 94 and 98%, respectively. The difference between the predicted RMS response and quasi-static value increases with decreasing natural frequency. The spatial correlation of wind loads does not influence the response "build-up," while it significantly affects the value of building response. Fig. 7 shows the tip displacement and acceleration of the building of 200 m high with a damping ratio of 1% under Wind event 1 with increasing wind speed. The acceleration is normalized by a factor of q R / m 1 , i.e., pseudoacceleration of the building under load q R . The difference between the predicted RMS response and quasi-static value increases with increasing wind speed. Tables 1 and 2 summarize the building tip displacement and acceleration of the building of 200 m high with a damping ratio of 1% when subjected to different transient winds. Among these five wind events, Wind events 2 and 5 lead to the largest and smallest response, respectively. As expected, the building response is strongly influenced by the spatial correlation of wind loads, i.e., a stronger correlation of wind loads results in a larger building response. Tables 3 and 4 summarize the building response to transient winds with downburst wind profiles having H / ␦ = 0.5 and 1.0, respectively. The building modal damping was 1%. The comparison of these results with those shown in Table 1 provides information concerning the influence of wind speed profile on building response. These results are consistent with the values of Ā 0 and ͉J z ͉͑͒ 2 as shown in Fig. 2 , which reflect the effect of wind speed profile on building response. For example, the profile with H / ␦ = 1 results in a smaller building response as compared to the profile with H / ␦ = 0.5.
Concluding Remarks
This study presented a frequency domain analytical approach for quantifying alongwind tall building response when subjected to nonstationary winds. The transient wind fluctuations and associated wind loads were modeled as the sum of deterministic time varying mean and evolutionary random fluctuation components. This approach provided estimations of the time varying mean, evolutionary spectrum, and time varying root-mean-square value of building response for a given nonstationary wind characterized by its vertical profile, modulation function, and turbulence characteristics. Based on this approach, the influence of time varying mean wind speed, mean wind speed vertical profile, and spatial correlation of wind loads on building response was addressed using a number of examples that include thunderstorm downburst winds recorded from full-scale measurements. The transient nature of wind speed generally leads to lower response as the result of the lack of sufficient "build-up" time to reach its steady-state value. This "building-up" effect depends on the damping ratio, modal frequency, and the variation rate of the mean wind speed. The downburst wind profile resulted in a similar load effect on lower buildings but a smaller effect on taller buildings as compared to the conventional power law profiles. As expected, a stronger spatial correlation of wind loads led to a higher building response.
It is worth mentioning that a complete modeling and quantification of building response to transient wind loads should also consider the effects of the transient aerodynamics, i.e., the potential changes in the wind load characteristics, e.g., admittance and coherence functions, associated with transient winds. The effects of transient aerodynamics may be particularly significant when the variation rate of wind speed is large as compared to the time scale of the generation of wind loads. In this regard, a comprehensive wind tunnel study under adequately simulated transient winds will be required to better characterize and model wind loads on buildings under transient winds. This updated loading information can be readily synthesized with the proposed approach of this study, which leads to better prediction of building response when subjected to transient nonstationary winds.
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Appendix. Closed-Form Formulation for
2 ͑t͒ is described by the three-parameter time modulation function
can be determined by the following closed-form formula: 
